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Abstract. Non-linear simulations of filament propagation in a realistic MAST SOL
flux tube geometry using the BOUT++ fluid modelling framework show an isolation
of the dynamics of the filament in the divertor region from the midplane region due to
three features of the magnetic geometry; the variation of magnetic curvature along the
field line, the expansion of the flux tube and strong magnetic shear. Of the three effects,
the latter two lead to a midplane ballooning feature of the filament, whilst the former
leads to a ballooning around the X-points. In simulations containing all three effects the
filament is observed to balloon at the midplane, suggesting that the role of curvature
variation is sub-dominant to the flux expansion and magnetic shear. The magnitudes of
these effects are all strongest near the X-point which leads to the formation of parallel
density gradients. The filaments simulated, which represent filaments in MAST, are
identified as resistive ballooning, meaning that their motion is inertially limited, not
sheath limited. Parallel density gradients can drive the filament towards a Boltzmann
response when the collisionalityof the plasma is low. The results here show that the
formation of parallel density gradients is a natural and inevitable consequence of a
realistic magnetic geometry and therefore the transition to the Boltzmann response is
a consequence of the use of realistic magnetic geometry and does not require initializing
specifically varying background profiles as in slab simulations. The filaments studied
here are stable to the linear resistive drift wave instability but are subject to the
non-linear effects associated with the Boltzmann response, particularly Boltzmann
spinning. The Boltzmann response causes the filament to self-organise and spin on an
axis. In later stages of its evolution a non-linear turbulent state develops where the
vorticity evolves into a turbulent eddy field on the same length scale as the parallel
current. The transition from interchange motion to the Boltzmann response occurs
with increasing temperature through a decrease in collisionality. This is confirmed
by measuring the correlation between density and potential perturbations within the
filament, which is low in the anti-symmetric state associated with the interchange
mechanism, but high in the Boltzmann regime. In the Boltzmann regime net radial
transport is drastically reduced whilst a small net toroidal transport is observed. This
suggests that only a subset of filaments, those driven by the interchange mechanism
at the separatrix, can propagate into the far SOL. Filaments in the Boltzmann regime
will be confined to the near separatrix region and quickly disperse. It is plausible that
filaments in both regimes can contribute to the SOL transport observed in experiment;
the former by propagating the filament into the far SOL and the latter by dispersion
of the density within the filament.
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1. Introduction
Filaments are field aligned plasma structures that propagate in the scrape off layer
(SOL) region of magnetically confined plasmas. They have been observed on a number
of tokamaks [1, 2, 3, 4, 5, 6, 7] and other magnetic confinement devices [8, 9, 10]. Fil-
aments carry a significant number of particles into the SOL and can play a dominant
role in determining L-mode and inter-ELM H-mode [11] SOL properties. Modelling of
the SOL is often used in the design of future magnetic confinement devices; however an
incomplete understanding of non-diffusive plasma transport limits the accuracy of such
predictions. Filament propagation in the SOL is a competition between perpendicular
drift motion and parallel streaming [12]; the former transporting the filament radially
and the latter draining the filament to the divertor target surface. If the filament can
propagate radially fast enough it may contact first wall material surfaces causing dam-
age and erosion. Alternatively if filaments propagate slowly they may drain to localised
spots on the target surface, leading to undesirable hot spots. The challenge of predicting
particle loading on material surfaces therefore necessitates an understanding of filament
dynamics.
Filaments are transient phenomena with a lifetime not exceeding a few 100s of µs on the
Mega Amp Spherical Tokamak (MAST)[4]. They are highly localised in the drift plane.
Generally they are observed to extend from at least X-point to X-point on MAST. Figure
1 shows these features in a fast camera image of a MAST L-mode plasma with digital
enhancement of the fast varying component of the light. The disparity between parallel
Figure 1. Visible light image of filaments in Ohmic L-mode on MAST. The fast
varying component of light has been digitally enhanced. Reprinted from [4] with
permission from B. D. Dudson.
and perpendicular dynamics in the filament, arising from the fast streaming of particles
along the magnetic field, leads to their consideration as quasi-2D objects in the drift
plane with closure schemes employed to account for dynamics in the third (parallel) di-
mension [12]. The most common closure is the sheath-limited scheme where the parallel
current is equated to the sheath current [13] at the divertor plate. A similar scheme will
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be used here. Other closure schemes consider, for example, an enhanced polarization cur-
rent by cross-field resistivity near plasma X-points, or Alfven-wave generation in high β
plasmas [14, 15]. These 2D objects are often termed ’blobs ’. Blob dynamics has received
increased attention in recent years [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27].
For a review of the subject see [28].
The basis of blob physics is described in figure 2. In a tokamak, curvature and ∇B
Figure 2. Schematic example of the physics of blob polarization. Curvature and ∇B
drifts polarize the blob which leads to a radial E × B drift formed of two counter
rotating vortices.
forces polarize the blob by inducing charge dependant drift motion on the ions and
electrons. The polarization of the blob gives rise to an E × B velocity field which
takes the form of a pair of counter rotating vortices, advecting the blob outwards. This
configuration often leads to the classic ’mushroom’ shape observed in many simulations,
[16, 19, 24, 15] for example, and in experiment [29]. The proceeding dynamics of the blob
is then determined by the means of charge dissipation in the model. In the 2D picture
presented above charge is dissipated by sheath currents. The subsequent perpendicular
motion depends on the size of the blob; a small blob will mushroom since the induced
vortices are partly external to the blob itself, whilst a large blob will form a fingering
structure (reminiscent of the familiar Rayleigh Taylor instability) since the vortices are
entirely internal [12, 15, 19]. At some critical blob size these two effects balance and
the blob may propagate coherently for many times its width [12]. These three forms of
motion are detailed schematically in figure 3. If the filament is not in contact with the
divertor target then cross-field resistivity is the dominant charge dissipation mechanism.
In the former case the filament exhibits the mushrooming characteristic, with smaller
scale structure appearing depending on the viscosity and resistivity of the plasma [16]
due to Kelvin-Helmholtz instabilities. Recently accounting for the full 3D nature of fil-
aments has been shown to lead to a significant departure of the blob dynamics from 2D
theory [30, 31, 20]. When the linear growth rate of the resistive drift-wave instability is
larger than the interchange growth rate on the blob front (with respect to propagation
direction) the blob becomes unstable to resistive drift waves [30]. The blob becomes
much more diffuse and less coherent than its 2D counterpart. Drift-waves require a
dissipation mechanism to become unstable. This can either be through collisions or
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Figure 3. Schematic diagram of blob structure from: a. mushrooming motion, b.
fingering motion and c. coherent propagation
wave-particle interactions. In this case the dissipation comes from resistivity which in-
creases with collisionality. When the collisionality is low resistive dissipation is reduced
and drift-waves become stable. Instead the filament is driven towards a Boltzmann re-
sponse which causes the blob to spin about its center [31], suppressing the mushrooming
motion. Such spinning can lead to Kelvin-Helmholtz instabilities [24] which break the
blob up, or simply reduced the radial advection by dissipating the polarized charge.
A significant body of work exists which describes the basic motion of filaments, however
only a limited subset of this work considers the effects of a realistic magnetic geometry.
The magnetic geometry in the SOL will potentially influence the motion of the filament.
The drive for interchange motion arises due to the magnetic curvature which can vary
dramatically along the length of a filament. Consequently the advection velocity of the
filament may vary along its length, leading to the formation of parallel density gradients
which have been shown to affect the cross-field dynamics of the filament. The question
then arises as to what significance this gives to 3D effects in a realistic magnetic geome-
try and how these effects might manifest in realistic plasmas. In this paper this question
will be addressed by conducting full 3D simulations of filaments in the BOUT++ fluid
modelling framework using a drift-reduced Braginskii model[32]. The simulation do-
main is a flux tube based on an EFIT [33] equilibrium reconstruction of a MAST ohmic
L-mode plasma, shot 14220. The model is described in section 2. Section 3 describes the
MAST flux tube simulation domain. Section 4 presents an investigation of the effects of
the magnetic geometry on the filament dynamics whilst section 5 investigates the role
of 3D effects in the cross-field dynamics of the filament. Finally section 6 concludes.
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2. Governing equations
The governing equations for the model of filament dynamics presented here are derived
from a drift ordered reduction of the Braginskii equations [34]. Following [35, 36] and
assuming an isothermal, electrostatic plasma, neglecting electron inertia and assuming
cold ions the governing equations in SI units are the density equation;
dn
dt
= 2ρscsξ · (∇n− n∇φ) + 1
e
∇||J|| − n∇||u|| (1)
the vorticity equation;
ρ2s∇ ·
(
n
d∇⊥φ
dt
)
= 2ρscsξ · ∇n+ 1
e
∇||J|| (2)
the parallel momentum equation;
du||
dt
= −c
2
s
n
∇||n (3)
where
d
dt
≡ ∂
∂t
+ csρsb×∇φ · ∇
and parallel Ohm’s law;
J|| =
σ||Te
ne
(
∇||n− n∇||φ
)
(4)
In deriving these equation the assumption
∇×
(
b
B
)
≈ 2
B
ξ =
2
B
b× κ (5)
is made, where κ is the magnetic curvature vector and b is the magnetic field tangency
vector. ξ (a vector), which is defined by (5), is the polarization vector and defines the
strength and direction of polarization due to curvature forcing. n is the plasma density
and φ is the normalized electrostatic plasma potential given by
φ =
eΦ
Te
(6)
where Φ is the plasma potential. J|| is the parallel current density and u|| is the parallel
ion velocity. ρs and cs are the Bohm gyro-radius and sound speed given by
ρs = cs/Ωi, c
2
s = Te/mi, Ωi = eB/mi (7)
Te is the (isothermal) electron temperature, B is the magnetic field strength and mi is
the ion mass. Finally σ|| is the collisional parallel conductivity [34] given by
σ|| = 1.96
ne2τe
me
(8)
where the electron collision time, τe is
τe =
3
√
meT
3/2
e
4
√
2pinλe4
= 3.44× 1011Te (eV )
3/2
nλ
(9)
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where λ ∼ 10 is the Coulomb logarithm.
These equations omit major aspects of physics in the SOL yet retain the core physics
controlling filament propagation, making them ideal for a theoretical study. Neglecting
electromagnetic effects limits the model to the case of low β plasmas. This is a fragile
assumption for MAST which is a high β machine, even near the plasma edge. Further-
more ions have been shown to exhibit comparable and often greater temperatures than
electrons [37, 38, 39, 40, 41, 42, 43] making the cold ion assumption suspect. Hot ions
have been shown to affect filaments [20] and will be studied in 3D in a future paper.
For this work the purpose is to study the basic mechanisms underlying filament motion,
which is predominantly controlled by electron dynamics, so hot ions have been neglected
in this study. In the non-isothermal case hot ions can cause filaments to be ejected at an
angle to the radial direction [44]. It is worth noting however, that hot ions also tend to
reinforce the interchange mechanism in non-thermalized blobs [44]. In the interchange
mechanism the main role of hot ions is to increase the pressure of the plasma which
enhances the drive for the interchange motion, but does not change the motion itself.
When 3D effects are important hot ions can affect the stability of resistive drift waves
[45], though the effect is not significant and certainly does not alter the basic mechanism
behind the resistive drift wave. The inclusion of hot ions is therefore not essential to
modelling filament motion and consequently has been neglected here. The effect of a
neutral particle species is also not included. Whilst this is a common assumption in blob
modelling, it is important to recognise that the SOL has a large population of neutral
particles. Despite their limitations, equations (1-4) allow the basic mechanisms con-
trolling advective motion of coherent plasma structures to be probed. Similar systems
have been used in 2D to study the turbulent region at the plasma edge which is known
to eject filaments [46, 47] and produce excellent agreement with experiment. This sug-
gests that simple models of this form at least capture the basic physical mechanisms
controlling the ejection and evolution of filaments. Thomson scattering measurements
on MAST [2] show that the density perturbation of a filament far outweighs the tem-
perature perturbation, which motivates the isothermal approximation used within this
model. To further reduce the system the parallel ion terms are neglected. This is valid
on time-scales
τ < L||/2cs ∼ 10−4s (10)
where L||/2cs is the time taken for a parallel sound wave to propagate from the
centre of the filament to the target. On time-scales shorter than this the filament is
dominated by advective cross-field motion. This represents the early to intermediate
stages of filament evolution in the SOL, as indicated in figure 4. The E × B drift is
considered incompressible allowing neglect of the n∇φ term in the density equation.
The Boussinesque approximation is also invoked such that
∇ ·
(
n
d∇⊥φ
dt
)
≈ n d
dt
∇2⊥φ (11)
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Figure 4. Time line of a filament from its ejection into the SOL until it drains to
a material surface. The shaded region indicates roughly the region of validity for the
model used to simulate filaments herein.
The Boussinesque approximation is strictly only valid for small perturbations. Fila-
ments with δn/n ∼ 1 certainly do not satisfy this condition and it has been shown that
solving the full expression can lead to augmentations of the blobs cross-field structure
[15]. Solving the full expression is numerically demanding and, since the relaxation of
the Boussinesque approximation does not alter the basic dynamic mechanisms within
the system, it has been made here.
Applying these further reductions gives the system
dn
dt
= 2ρscsξ · ∇n+ 1
e
∇||J|| (12)
ρ2sn
d∇2⊥φ
dt
= 2ρscsξ · ∇n + 1
e
∇||J|| (13)
and equation (4) for J||. This is the system employed in the 3D studies by Angus et.
al [30, 31]. The system defined by equations (12), (13) and (4) supports the linear
interchange instability and the linear resistive drift wave instability [30, 31]. The
interchange instability is destabilized by perpendicular gradients in pressure, or (since
the model is isothermal) density gradients, such as those at the blob front. The resistive
drift wave is destabilized by collisional dissipation in the form of resistivity. Angus
has shown that the relative importance of unstable drift waves in blob propagation is
determined by blob size, with larger blobs being more stable to resistive drift waves and
therefore holding their shape. In this study filaments simulations have been conducted
with resistive drift-waves initially stable by the condition of Angus et.al [30]. This allows
a clear investigation into the role of Boltzmann response at low collisionality in filament
dynamics without the added complication of unstable linear resistive drift-waves as
collisionality increases.
3. Simulation geometry
The field aligned nature of SOL filaments makes a field aligned coordinate system ideal
for their study. The field aligned system, (x, y, z) is defined on the LFS by [48]
x = ψN − ψ(0)N
y = θ
z = ζ − ∫ θθ0 ν (ψN , θ′) dθ′
(14)
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where ψN is the normalized poloidal flux and ψ
(0)
N defines the center of the flux tube,
here taken as ψ
(0)
N = 1.15. θ is the poloidal angle, ζ is the toroidal angle and ν is the local
field line pitch. The modification of the toroidal angle in z ensures that y indeed follows
the magnetic field line whilst z retains toroidal periodicity, allowing Fourier techniques
to be used in the z coordinate. The covariant basis vectors (vectors between grid-points)
of the system are
ex =
1
RBθ
eˆψ + IReˆζ
ey = hθeˆθ + νReˆζ
ez = Reˆζ .
(15)
where R is the major radius, Bθ is the poloidal magnetic field strength, hθ is the poloidal
arc length, ν is the magnetic field line pitch and I is the integrated magnetic shear which
will be described subsequently. The x, z plane, in which the perpendicular dynamics pre-
dominantly occur (though note that z is not the binormal direction), contains 132×128
grid points whilst the y coordinate, which is entirely parallel to the field line, is dis-
cretized with 128 grid points. In the parallel direction this has a spatial resolution
of 13cm. This was reduced to 1.6cm without any change in the observable physics of
the filament so the lower resolution grid was chosen due to its computational benefit.
Variations in the parallel structure of filaments with drift-waves stabilized occur on the
length scale of the equilibrium magnetic field, which is typically on the m scale, so the
parallel direction is well resolved. In the x, z plane the grid resolution is typically on
the mm length scale, though this is complicated by the squeezing of the grid around
the X-points (see figure 6). Interchange behaviour develops on the length scale of the
filament cross-section, which is typically on the cm scale which is well resolved by the
grid. Resistive drift-waves are most unstable when k⊥ρs = 1, which requires resolution
of length scales L ∼ 2piρs. This is satisfied for temperatures upwards of ∼ 5eV . For
simulations at temperatures below this threshold the most unstable drift-wave cannot
be driven. For the present studies, resistive drift-waves are stabilized, so this is not
foreseen as a problem. As a test the blob size was reduced and drift-waves were ob-
served at roughly the threshold predicted by Angus [30]. Furthermore grid convergence
studies were carried out in both the parallel and perpendicular direction and did not
reveal any loss of sub-grid scale physics at the grid resolutions presented here, so the
grid resolutions are considered adequate for the simulations presented herein.
BOUT++ [32] calculates the metric tensor of the field aligned system (14) internally
given a set of equilibrium parameters, shown in figure 5, which consist of: the mag-
netic field, B, and its poloidal and toroidal components; the integrated magnetic shear
I =
∫
ν ′dy where ν ′ = ∂ν/∂ψ is the local magnetic shear; the major radius, R and
vertical distance Z of the field line (in the cylindrical coordinate system). These equi-
librium parameters have been extracted from an EFIT [33] equilibrium reconstruction
of MAST shot 14220 which is an Ohmic double-null L-mode discharge. With this in-
formation derivatives in the field aligned system are calculated self-consistently and
internally within BOUT++. A corollary of using the field aligned coordinate system
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Figure 5. Equilibrium components to the coordinate system metric, consisting Total
(solid, black), poloidal (dashed, blue) and toroidal (dot-dash, red) components of
magnetic field (b) and magnetic shear (c) derived on a field line in the MAST SOL (a)
is that the extent of the domain in real space varies along the length of the field line.
Figure 6 shows the size of a grid spacing in ψ and z in real space, denoted as dψ and
dz, along the length of the field line. Figure 6 shows that a domain initially stretched in
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Figure 6. Real space grid spacing along the length of the flux tube. To achieve
comparable grid spacings in x and z the x domain is scaled by 7.
the z direction at the midplane (y = 0m) becomes stretched in the ψ direction by the
time the target plate is reached. The motivation for choosing dψ and not dx directly
is that dψ is the component of dx perpendicular to the field. Importantly this is not a
rotational transform but rather a stretching/contraction transformation in both the x
and z directions. This is an unavoidable consequence of the choice of coordinate system
used for this investigation. This means that it is impossible for a filament to be seeded
homogeneously along the field line in both real space and the field aligned system. For
the purposes of this paper filaments are seeded homogeneously in the field aligned sys-
tem.
The polarization vector, ξ defined in (5) and presented in figure 7, is an important
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geometrical feature of the system since it determines the strength of drive for the in-
terchange mechanism. It defines the direction of polarization across the filament due
ξz
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0
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4
6
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(a) z component
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(c) ψ (driving) component
Figure 7. Contravariant components of the polarization vector ξ = b× κ where κ is
the magnetic curvature vector.
the curvature drift. The propagation direction of the filament due to the interchange
mechanism is then the direction normal to ξ and the magnetic field. ξz is the dominant
component at most points along the field line, apart from in the vicinity of the X-point
(around y ∼ ±5m). In this region the curvature changes sign and becomes comparable
in magnitude with ξx (ignoring ξy since the dynamics occur in the perpendicular plane
only). The components of ξ shown in figure 7 are derived from the same EFIT equilib-
rium.
Boundary conditions for the simulations presented in this paper are Neumann in the
x direction and periodic in the z direction with a period P = 30. The simulation is
formally an n = 30 distribution of filaments. This is representative of the experimental
distribution of filaments, which are observed in MAST with an average toroidal mode
number n ∼ 30 − 50[4]. The periodicity of the filaments was varied, with filament size
remaining constant and no change in the physics of the filaments was observed which
allows the simulations to be considered as isolated filaments in that there is no interac-
tion with any neighbouring filament. The boundary conditions in y are Neumann for all
variables apart from the parallel current. On the divertor plate boundaries the parallel
current is matched to the sheath current [13] such that
J|| = encs (1− exp (−φ)) (16)
on the upper plate and :
J|| = encs (1− exp (φ)) (17)
on the lower plate where φ and n are the boundary values. Finally the simulations are
initialised with a Gaussian density perturbation on the x, z plane which is homogeneous
along y. The time-integration is performed by an implicit Jacobian-free Newton-Krylov
solver which has adaptive time-stepping ensuring that all relevant time-scales are in-
cluded in the solution. Simulations dominated by interchange dynamics took ∼ 12 hours
on 8 cores, whilst simulations dominated by Boltzmann dynamics required much higher
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time resolution and took ∼ 36−168 hours on 8 cores. Spatial derivatives are solved with
4th order central differencing in x and y whilst FFTs are used in the periodic z direction.
All filament simulations within this paper have identical initial conditions. In all cases
δn/n ≈ 1.6, δ⊥ ≈ 3cm (filament radius) at the mid plane and the filament is initially
homogeneous along the field line in the (x, y, z) system connecting from divertor plate
to divertor plate with a flat background density and no other background variables. The
filament potential is not seeded, but develops a polarization very quickly as the simula-
tion progresses. From Angus et.al [30, 31] the condition for drift-waves to impact blob
dynamics is 0.15
√
Rc/δ⊥ ≥ 1 where Rc is the radius of curvature. Given these initial con-
ditions and the magnetic parameters detailed in figures 5 and 7, 0.15
√
Rc/δ⊥ = 0.87 < 1
indicating that the dynamics should remain relatively unaffected by drift-waves. This is
helpful given the desire to study the transition from interchange to Boltzmann dynamics
without the added complication of unstable resistive drift-waves.
4. Effects of magnetic geometry on filament structure
In the conventional 2D theory of blobs where interchange motion drives the propagation
of the filament [12, 15, 16, 18, 19, 24] , the cross-field motion is independent of the 3D
structure of the filament. However modelling including 3D effects[30, 31] has shown that
accounting for the full 3D structure of the filament can become important. Since only
the local drive for the interchange mechanism determines the local propagation velocity
of the filament, any variation in the drive along the field line will lead to a variation in
the propagation velocity along its length, giving rise to a 3D structure. In the model
presented here there are three factors which affect the drive for the interchange motion:
(i) The variation of the polarization vector magnitude, |ξ|, along the field line,
(ii) The change in size of the flux tube due to flux expansion,
(iii) The twisting of the system due to magnetic shear.
The strength of the polarization vector determines the strength of the polarized electric
field which leads to the filaments advection. In regions where the magnetic curvature
is strong, ξ is large and the filament advects outwards quickly. By contrast when the
curvature is weak, ξ is small and the filament advects slowly. This variation in the
advection speed is what gives rise to the 3D structure.
Flux expansion near the X-point squeezes the flux tube [49] and leads to highly
anisotropic cross sections. This is borne out in these simulations by the change in do-
main size along the flux tube indicated by figure 6. This squeezing of the flux tube can
stabilize the linear interchange instability when the dimensions of the flux tube become
comparable to the ion gyro-radius, ρs[49, 50]. In the filament simulations conducted
here the squeezing effect was not severe enough to stabilize the interchange instability,
however the strength of the non-linear interchange mechanism that drives 2D filament
motion is drastically reduced in the highly squeezed region near the X-point [50, 51].
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Physically this reduction in drive is attributed to a greater spreading of polarized charge
in the X-point region, which leads to a drop in the polarization electric field and con-
sequently reduced advection rates. The filament is therefore strongly driven near the
midplane, where the z dimension is un-squeezed, and weakly driven near the X-point
where the z dimension is heavily squeezed. The magnetic shear also spreads the charge
over a larger region by shearing the filament. In this case the width in ψ is unchanged
however the x coordinate develops a component in the toroidal direction. This reduc-
tion in drive by squeezing the filament leads to the formation of a parallel structure to
the filament. The effects of flux expansion and magnetic shear are illustrated (in an
exaggerated manner) in figure 8. The magnetic shear also affects the curvature. The
Figure 8. Schematic describing the effects of flux expansion and magnetic shear on
an initially rectangular cross-section.
driving component of magnetic curvature is in the ∇ψ direction (ξ⊥ in figure 7(c)). As
the magnetic shear gets stronger this develops a strong component in ξx which then
varies the direction of propagation of the filament in the (x, z) plain to ensure that the
dominant advection direction is in ∇ψ. This gives rise to a twisting of the filament as
it passes the X-point in the (x, y, z) system.
Figure 9 shows three simulations which exhibit the appearance of a parallel structure
to the filament. In each case the filament was driven purely by interchange motion (to
decouple the complex effects of 3D dynamics from the effects of magnetic geometry).
In the first simulation only the variation in drive along the flux tube due to magnetic
curvature was included. In the second only the effects of flux expansion were included
and in the final panel only the effects of the integrated magnetic shear were included.
The magnetic curvature variation leads to a ballooning of the filament in the region of
strongest curvature (i.e. largest ξ⊥). This effect is greatest near the X-points, where the
magnetic field becomes very curved. Both the flux expansion and the magnetic shear
cases show an opposite trend with the filament ballooning at the midplane. This is the
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Figure 9. Parallel profile of a filament including in each case only one factor driving
the parallel structure. Data was sampled at 0.5ms in each case. All simulations were
otherwise identical with Te = 1eV and n0 = 10
19m−3.
region where the integrated shear is ∼ 0 (since the integration was centred on the mid
plane) and where the filament is strongly stretched in the z direction. These two effects
serve make the dynamics of the filament at the midplane independent from the divertor
region. In figure 10 two simulations are presented showing the parallel structure that
develops in a filament including all of the effects highlighted above. Figure 10(a) shows a
full filament simulation with sheath boundary conditions applied to J|| at the boundaries
in y (ie approximately at divertor target plates). The midplane portion of the filament
(the part between X-points) is noticably ballooned with respect to the divertor portion.
This signifies that the effects of flux expansion and magnetic shear supersede the curva-
ture drive in the formation of parallel density gradients due to varying interchange drive
along the filament. The simulations are performed with parameters taken from the far
SOL in MAST. It is plausible that closer to the seperatrix, where curvature will be a
lot stronger around the X-points, the ballooning feature near the X-points may become
prevalent. An investigation of this requires a fully 3D representation of the magnetic
geometry which is beyond the scope of this paper.
It is known that in 3D filaments the effects of the sheath on the cross-field dynam-
ics decrease with distance from the sheath [20]. This has been tested here by rerunning
the simulation in figure 10(a) but replacing the sheath boundary conditions on J|| with
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Figure 10. Parallel profiles of filament simulations with and without sheath boundary
conditions included. In the case without sheath boundary conditions Neumann
conditions were used on J|| instead . The effect of the sheath is clearly localised to the
divertor region. Data was sampled at 0.2ms and simulations are otherwise identical.
standard neumann conditions to preserve ∇ · J = 0. In the midplane region the sim-
ulations remain qualitatively and quantitatively indistinguishable. Below the X-points
in the divertor region the sheath boundary conditions limit the advection velocity of
the filament and a noiticable change in the cross-field structure of the filament occurs
between the two simulations, however this change in structure is difficult to quantify
due to the effects of flux expansion and magnetic shear. It is clear that the X-points
screen filament in the midplane from the sheath and make the filament in the midplane
region independent of conditions below the X-point. This independance from the sheath
has been noted in the two-region model of Myra et.al [52] where the effects of flux ex-
pansion are the dominant cause. This supports the argument [26] that filaments in the
SOL of a tokamak depend on the boundary conditions at the X-point(s) rather than at
the divertor plates. It has been shown [50] that the filament can re-couple to the sheath
as it propagates if the decoupling effects of flux expansion and magnetic shear weaken
during the filaments outward motion. This does not occur in the simulation presented
here since no cross-field variations in magnetic parameters have been included. The
decoupling from the sheath means that the build up of charge due to drift motion can
only be dissipated inertially. This is the familiar resistive ballooning model of filament
motion [52] which gives faster propagation velocities than the sheath-limited model and
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is the reason that the midplane region advects more quickly than the divertor region.
Within the two-region model the parameters Λ = L|| (τeΩeρs)
−1 and Θ = (δ⊥/a∗)5/2
where a∗ = (L2||ξ/(2ρs))1/5 [52] determine the dynamics of the filament. Taking mid-
plane parameters from the simulations conducted in this section gives Λ ∼ 102 and
Θ ∼ 10−2. The condition for a blob to be in the resistive ballooning regime is that
Λ > Θ[52]. It is therefore highly likely that filaments in MAST are resistive ballooning
rather than sheath limited. In the two region model the resistive ballooning blob is
decoupled from the sheath boundary, in agreement with observations from the simula-
tions presented here (figure 10). Despite this decoupling, unless otherwise stated, all
simulations performed in this paper employ the sheath boundary conditions since these
represent the closest approximation to reality available within the model. The fact that
the midplane region of the filament is limited by inertia rather than the sheath dissipa-
tion means that the filament can achieve greater velocities than in the divertor region.
As such particles from the filament tracked along a field line until intersection with the
divertor target may do so at a greater radius than expected if one only considers the
sheath limited model. Furthermore this suggests that a change in boundary conditions
near the divertor target plate, going to a detached divertor regime for example, will not
significantly affect filament motion around the midplane. This would be a good topic
for an experimental comparison. It should be noted that the effects of parallel streaming
are not observed in these simulations due to the neglect of parallel ion dynamics in the
governing equations.
The effects that contribute to the dynamic independance of the midplane filament are
strongest in the vicinity of the X-point. Figure 11 shows the parallel density gradients,
∂n
∂y
that arise around the X-point. These density gradients arise as a consequence of
the magnetic geometry and are therefore inevitable in a realistic tokamak scenario. As
has been indicated earlier, parallel density gradients can become the dominant term in
parallel Ohm’s Law, (4), which can drive the filament towards a Boltzmann response.
In the next section the transition to the Boltzmann regime is investigated.
5. 3D effects on cross-field motion
Normalizing equation (13) in the gyro-Bohm convention, i.e. normalizing time-scales by
1/Ωi, length scales by ρs gives and densities by n0, the background density, gives
∂∇2⊥φ
∂t
= 2ξˆ · ∇n
n
− [b×∇φ · ∇]∇2⊥φ+
α
n
(
∇||
(∇||n
n
)
−∇2||φ
)
(18)
where the dimensionless parameter α is
α =
Teσ||
ρsn0cse2
=
σ||B
en0
(19)
and ξˆ = ρsξ ∼ ρs/Rc is the dimensionless curvature. The physics of filament propagation
is an advection of density by an E × B velocity field. The form that the advection
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Figure 11. Parallel gradients in the flux tube as a result of the divertor regions
independance from the misplane. The gradients are strongest around the X-point, but
persist into the midplane with a smaller magnitude. Data is taken from the same
simulation and at the same time as in figure 10(a).
velocity takes is dependant on the collisionality. In the initial stages of growth, after the
seeding of the filament, the non-linear self-advection term (2nd RHS term) is small and
since the filaments are initially homogeneous along the field line the parallel gradient
terms are also small. The only term left is the interchange term which correlates the
perpendicular derivative of the potential with the density perturbation. If the initial
density perturbation has any symmetry then this correlation ensures that the potential
structure has symmetry of exactly opposite parity; this is the familiar formation of
dipolar potential lobes around the density perturbation. As has already been discussed,
the interchange mechanism then leads to the formation of parallel gradients in density
and potential due to the magnetic geometry. The sustained parallel density gradients
drive parallel currents by parallel Ohm’s law, given here in normalized form
η||J|| =
Te
n0csρse2
(∇||n
n
−∇||φ
)
(20)
where η|| is the parallel resistivity. At high collisionality η|| is large which allows a signif-
icant phase offset between density and potential perturbations and can drive unstable
drift waves. In the simulations investigated here the filament radius, which is δ⊥ ∼ 2cm
at the midplane, is chosen such that the interchange instability outgrows unstable drift-
waves. In these conditions Angus has shown that drift-waves do not affect filament
dynamics [30, 31]. It should be noted that the calculations of Angus et.al are made in
a shear-less slab geometry. This neglects the stabilizing effect of magnetic shear and
any other effects associated with magnetic geometry. Since the simulation domain here
is local in the sense that there is no cross-field variation in any parameters, the results
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of Angus can be applied, however the extension of such calculations to a global toka-
mak geometry would be a good topic for future research. When collisionality is high
α is small and the interchange terms continue to dominate the vorticity equation. By
contrast when collisionality is low η|| is small and ∇|| ln (n) ∼ ∇||φ. The potential now
begins to align with the density as the plasma tends towards a Boltzmann response.
The potential forms a monopolar perturbation which acts to spin the filament about
its center. This is exactly the process of Boltzmann spinning described in [31] however
in this work the parallel density gradients which drive the process arise as a natural
consequence of the geometry and are not imposed as a starting condition. Since charge
conduction along the field line is much faster when the Boltzmann response is driven,
charge polarization cannot build up and the spinning motion due to the Boltzmann
response is comparable to the ejective motion which leads to a net spinning of the fila-
ment, rather than an expulsive motion radially outwards.
Returning to equation (18), when the non-linear advection term is small the dynamics
of the system are governed by ξˆ and α. In practice magnetic parameters are approxi-
mately fixed for a given magnetic confinement device. Furthermore filament parameters
are dependant on the turbulent conditions within the edge and cannot in principle be
manually manipulated. The plasma parameters that are practically variable from shot
to shot in a tokamak are temperature and density (though such variation is certainly
no simple procedure). The dynamics of filaments have been investigated with varying
temperature and density here by running otherwise identical simulations over an n0, Te
parameter space. The filaments have δn/n0 = 0.6, δ⊥ ≈ 2cm at the mid plane (here
δ⊥ is perpendicular filament radius) and are initially connected from divertor plate to
divertor plate. Figure 12 shows a measurement of the correlation parameter
C =
〈φδn〉
〈|φ|〉〈δn〉 (21)
across the parameter space, where the angled brackets represent a volume average such
that 〈A〉 ≡ ∫ JAd3R where J = hθ/Bθ is the Jacobian of the coordinate system defined
by (15).
Simulations have been sampled at 100µs in 12(a) and at τ = 0.31 in 12(b) where
τ = cst/L|| is the time normalized to parallel streaming time. A clear transition occurs
with temperature between a state with very low values of C to a state with compara-
tively high values. The low C state is the interchange regime where the symmetry of
the dipolar potential structure ensures that C ∼ 0 due to the volume average. When C
drops sharply below 0 the system state is in the Boltzmann regime where the potential
begins to overlap the density due to the Boltzmann response and a phase matching
occurs. It is notable that a brief transitory period where C grows positively occurs. It is
likely that in this region both the interchange mechanism and the Boltzmann response
are strongly affecting the filament. Figure 13 presents a cross-field profile of the filament
in the interchange regime which shows that the mushrooming structure associated with
the interchange mechanism [15, 16, 19] is reproduced when temperature is low. Moving
Characterization of 3D filament dynamics in a MAST SOL flux tube geometry 18
10 20 30 40 50
Te (eV)
1
2
3
4
5
n
0 
(10
19
 
m
-
3 )
δn φ Correlation at 100 µs
-0.15 -0.10 -0.05 0.00
(a)
10 20 30 40 50
Te (eV)
1
2
3
4
5
n
0 
(10
19
 
m
-
3 )
δn φ Correlation at τ = 0.31
-0.04 -0.02 0.00 0.02
(b)
Figure 12. Interpolated contour plot of the correlation parameter C in n0 Te space
sampled at t = 100µs (a) and τ = ∆tcs/L|| = 0.31 (b). τ = 0.31 is chosen since
it allows the filament motion to develop sufficiently, whilst still allowing neglect of
parallel ion dynamics. A transition occurs with increasing Te, as predicted, however the
predicted transition with decreasing n0 is not observed. This may require simulations of
densities lower than 1× 1019m−3. Crosses indicate the simulated points that comprise
the contour. All filaments are identical in all other aspects.
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Figure 13. Cross sections of the filament in the interchange regime at the midplane
and 2.6m either side of the midplane. Snapshots are taken at t = 200µs with
n0 = 5× 1019m−3 and Te = 1eV placing the filament firmly in the interchange regime.
Colour indicates δn/n0 and contour lines show the electrostatic potential, φ.
away from the midplane (figures 13(b) and 13(c)) the symmetry of the filament cross-
section in the x, z plane is broken. This is due to the enhanced component of ξ⊥ by
the magnetic shear, as described in section 4, which is antisymmetric along the length
of the filament. As a result the lobe asymmetry develops anti symmetrically along the
filament and therefore the volume average in (22) still leads to very small values of C
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in this regime.
In the Boltzmann regime the cross-field evolution of the filament is markedly differ-
ent. Figure 14 shows the cross-field evolution of the filament at the midplane. In the
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Figure 14. Cross-field evolution at the midplane of a filament in the Boltzmann
regime showing distinctive features of its evolution including a self-organisation due to
the Boltzmann response (c) followed by a descent into a turbulence. The simulation
was at Te = 50eV and n0 = 2.5× 1019m−3.
early stages of evolution only the interchange mechanism is driven. The Boltzmann
response then acts to rotate the polarized charges, which reduces the advective electric
field and eventually leads to the phase matching of the potential and density which gives
rise to a significant correlation. Since charge conduction is much faster than in the inter-
change regime the polarization of the charge is weaker, which allows the dipole rotation
to occur faster than the filament can be ejected outwards. This spins the filament. The
filament straightens out (along the field line) as the potential acts to alleviate parallel
density gradients, as shown in figure 15. In the final panel of figure 14 the filament
has become highly non-linear and the advection term in the vorticity equation begins
to dominate. This drives the filament towards a turbulent state where the advection
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Figure 15. Parallel profile of a filament in the Boltzmann regime. The filament
remains connected to both sheaths and does not exhibit as much parallel structure as
observed in the interchange regime. Data is from the simulations presented in figure
14.
non-linearity prevents the plasma from adopting a perfect Boltzmann response. The
spatial morphology of the Boltzmann regime is shown in figure 16 where it is also com-
pared to the morphology in the interchange regime. Turbulent eddies appear as vorticity
fluctuations in figure 16(e) when the vorticity self-advection term becomes important.
This is clearly the case in figures 14(c) and 14(d). They occur on the same length scale
as parallel current fluctuations whilst the density reacts on a larger length scale. This
shows that it is not the density which drives the vorticity fluctuations (as is the case in
the interchange regime) but rather the reaction to small scale current fluctuations.
Filaments contribute a large component of non-diffusive particle transport into the SOL.
The level of this transport is determined by the turbulent conditions inside the sepera-
trix that leads to filament ejection and is beyond the scope of this paper. With filaments
contributing such a significant proportion of SOL density, however, the subsequent re-
distribution of the density within the filament may play a crucial role in determining
properties of the SOL; SOL width for example. In the 2D theory of blobs the transport
of density within the blob is predominantly radial. It has been clearly demonstrated here
that 2D blob theory based on interchange dynamics is only partly correct. Comparing
the dynamics of the filament cross-section in the interchange and Boltzmann regimes
shows that there is a significantly higher level of transport in the x direction (which
coincides with the radial direction at the midplane) in the interchange regime than in
the Boltzmann regime. The transport of density can be quantified by a flux
Γx,z = vx,zδn (22)
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Figure 16. Potential, vorticity and parallel current measured at the midplane of
a filament in the interchange regime (a, b and c) and Boltzmann regime (d, e and
f) with density overlaid as contour lines. Parallel current and Vorticity evolve on a
smaller length scale in the Boltzmann regime, confirming the parallel current drive in
the vorticity equation. Interchange data is sampled at 200µs and Boltzmann regime
data is sampled at 100µ2.
The transport is advective with the source of advection being the E × B velocity in
the field aligned coordinate system defined by (15) which gives (see Appendix A for
derivation)
〈 Γx,z
n0Te
〉 = 〈δn ∂φ
∂z, x
〉 (23)
Angled brackets once again represent a volume average. Γx and Γz have been
calculated for the parameter space in figure 12 with n0 = [1, 2.5, 5] × 1019m−3 and
Te = [0.1, 1, 10, 25, 50] eV . The results are presented in figures 17(a) and 17(b) with
all values calculated at t = 100µs and in 17(c) and 17(d) with all values calculated at
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0.31τ||. The results have been divided by n0Te to eliminate the temperature and density
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Figure 17. Volume averaged particle fluxes in x and z in the n0, Te parameter space
sampled at t = 40µs (upper) and τ = ∆tcs/L|| = 0.31 (lower) . The contours are
sparsely populated due to the excess computational time required to fill the contours
more thoroughly, however underlying trends are still evident.
dependency that these parameters introduce and focuses on the transport induced by
the filament motion. In figures 17(a) and 17(c) (upper panels) the expected behaviour
of Γx is observed; high levels of transport are observed in the interchange regime with
a sharp reduction after the transition from interchange to Boltzmann dynamics. In the
Boltzmann regime the fast conduction of charge halts the outward (in the x direction)
motion and the phase matching due to the Boltzmann response can spin the filament
which acts to reduce radial transport further, but can enhance transport in the z
direction. This is not to say that transport in the z direction is absent in the interchange
regime. As demonstrated in figure 13 the filament cross-section becomes asymmetric as
one moves away from the midplane. Figure 18 shows the transport at different points
along the filament by confining the average in (23) to the cross-section only. Significant
transport in z can occur in the interchange regime, however the symmetry around
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Figure 18. Parallel variation of Γx (red, solid) and Γz (blue, broken) averaged over
the filament cross section in the Interchange regime (left) and the Boltzmann regime
(right) at 1ms and 100µs respectively.
the midplane ensures that when volume averaged, the net transport is small. In the
Boltzmann regime the symmetry around the midplane is broken and net transport in z
emerges, though the level of this transport at most points along the field line is drastically
lower than in the interchange regime. The symmetry observed in the interchange regime
is a result of the dependence of interchange dynamics on the magnetic parameters of
the flux tube as demonstrated in section 4. Although the x, y, z coordinate system is
convenient for simulation purposes it is not particularly relevant to experiment. As such
the particle flux in the ψ direction has also been calculated and presented in figure 19.
This is a quantity which can in principle be experimentally measured. The same trend
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Figure 19. Particle flux in the ψ direction measured over the n0 Te parameter space
at 100µs (a) and τ = 0.31 (b)
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as observed in figure 17 is observed, with a sharp decrease in transport as the filament
transitions to the from the interchange regime to the Boltzmann regime.
6. Conclusion
By employing a simulation geometry based on a flux tube in the SOL of a MAST L-mode
DND plasma, parallel gradients have been shown to develop in filaments as a natural
consequence of the magnetic geometry. These gradients are a result of variation in drive
for the interchange mechanism along the length of the filament due to magnetic curva-
ture, flux expansion and magnetic shear. The magnetic curvature effect is observed to
be sub dominant to the latter two, which cause the filament to balloon at the midplane.
Comparison with the two-region model of Myra et.al [52] identifies the filament to be in
the resistive ballooning regime. In this regime the filament motion is limited by inertia
which allows filaments to obtain faster velocities than in the sheath limited model. This
is observed in the simulations presented, where the dynamics of the filament between
the two X-points are independent of the dynamics of the filament in the divertor region
and of the boundary conditions at the divertor target. It is noted that this conclusion
could be a good topic for an experimental investigation. In the simulations presented
no cross-field variation in magnetic parameters were included. This prevents filaments
from re-establishing an electrical connection to the sheath, as predicted in [50]. Sim-
ulations including cross-field variation in the magnetic geometry are certainly a topic
which should be pursued, especially with the development of more complicated divertor
geometries such as the snowflake [53, 54, 55, 56] or the Super-X [57, 58, 59] concepts.
It is also important to recognise that no variation in the background parameters of the
simulation along the field line have been included. In reality strong variation in both
temperature and density are expected. To properly model the interaction between the
filament and these background gradients a non-isothermal model is required.
The development of sustained parallel gradients in both density and potential can drive
the filament away from the standard 2D interchange dynamics. At low collisionality
these gradients force the electrostatic potential within the filament to adopt a Boltz-
mann response which can cause a monopolar rotation of the filament cross-section about
its centre. At low collisionality fast charge conduction along the field line prevents a
rapid build up of polarized charge and the spinning motion due to the Boltzmann
response can occur faster than the ejective motion due to charge seperation. This dras-
tically reduces radial transport, but can enhance transport in other directions. By
measuring the correlation between density and potential in 15 simulations which span
an n0, Te parameter space the transition between interchange and Boltzmann dynamics
has been confirmed. The transition occurs as expected, with increasing temperature
(and correspondingly decreasing collisionality). The approximations within the model,
particularly the neglect of hot ions and the isothermal approximation, make the results
only qualitatively accurate. The question of hot ions requires inclusion of finite Larmor
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orbit effects which will be addressed in future work. Furthermore the effects of electron
inertia and electromagnetic effects have been neglected in the version of parallel Ohm’s
law used here. Electron inertia leads to a temporal delay in the response of the ions
whilst a coupling to the magnetic field introduces Alfven waves into the system [60].
Both of these effects may be important in the seperatrix and near SOL regions [61] and
may alter the transition of the filament to the Boltzmann regime and are a good topic
for future investigation. The dynamic regime has a profound effect on the subsequent
transport of density within the filament. In the interchange regime significantly higher
levels of radial transport are observed, whilst the phase matching that occurs in the
Boltzmann regime coupled with fast charge conduction halts the radial advection of the
filament and suppresses radial transport. This suggests that only filaments governed
by interchange dynamics at the seperatrix can reach the far SOL, with filaments in the
Boltzmann regime confined to the region near the seperatrix. It is not clear if filaments
born in one dynamic regime can transition to another dynamically. This will require
inclusion of cross-field variation in either magnetic of background plasma parameters
(or both). The idea of a filament in the Boltzmann regime cooling and transitioning to
interchange dynamics is in line with experimental measurements of inter-ELM filaments
on MAST [11] where filaments are observed to propagate radially only after an initial
stationary period. The model outlined in this paper suggests that such cooling is nec-
essary in a wide range of operating parameters for MAST to facilitate the transport of
filaments into the far SOL observed so frequently in experiments.
7. Appendix A
In this appendix a brief derivation of the E×B velocity in the field aligned coordinate
system used to calculate tranport fluxes in (23) will be given. The contravariant and
covariant metric tensors of the field aligned system (15) are
gij ≡ ei · ej =


(RBθ)
2 0 −I (RBθ)2
0 1/h2θ −ν/h2θ
−I (RBθ)2 −ν/h2θ I2 (RBθ)2 +B2/ (RBθ)2

 (24)
gij ≡ ei · ej =


I2R2 + 1/ (RBθ)
2 BζhθIR/Bθ IR
2
BζhθIR/Bθ B
2h2θ/B
2
θ BζhθR/Bθ
IR2 BζhθR/Bθ R
2

 (25)
In this system the magnetic field can be written
B = ∇x×∇z = 1
J
ey =
Bθ
hθ
ey (26)
The magnetic field tangency vector b can then be written
b =
1
JB
ey =
1
JB
(gxy∇x+ gyy∇y + gyz∇z) (27)
which gives the covariant components
bx =
BζIR
B
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by =
Bhθ
Bθ
(28)
bz =
BζR
B
Since
∇φ = ∂φ
∂x
∇x+ ∂φ
∂y
∇y + ∂φ
∂z
∇z (29)
the contravariant components of b×∇φ are
(b×∇φ)k =
(
bi
∂φ
∂uj
− bj ∂φ
∂ui
)
∇ui ×∇uj = 1
J
(
bi
∂φ
∂uj
− bj ∂φ
∂ui
)
ek (30)
Assuming that ∂yφ << ∂xφ, ∂zφ
(b×∇φ)x = B∂φ
∂z
(b×∇φ)y = BθBφR
hθB
∂φ
∂x
− BθBφIR
hθB
∂φ
∂z
(31)
(b×∇φ)z = −B∂φ
∂x
Since the E×B velocity is given by vjE = (b×∇φ)j /B the flux of particles is given by
Γj = δnvjE (32)
Finally normalizing the density to the background density, n0 and the potential to the
electron temperature (in eV ) we arrive at
Γx
n0Te
= δn
∂φ
∂z
Γz
n0Te
= δn
∂φ
∂x
(33)
A more physically relevant flux to calculate is Γψ since this can be measured
experimentally. To calculate Γψ the derived form of b × ∇φ is projected onto eψ to
give
Γψ = Γ · eψ = Γ
x
RBθ
(34)
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